Burkholderia cepacia has emerged as an important pathogen in patients with cystic fibrosis. Many gramnegative pathogens regulate the production of extracellular virulence factors by a cell density-dependent mechanism termed quorum sensing, which involves production of diffusible N-acylated homoserine lactone signal molecules, called autoinducers. Transposon insertion mutants of B. cepacia K56-2 which hyperproduced siderophores on chrome azurol S agar were identified. One mutant, K56-R2, contained an insertion in a luxR homolog that was designated cepR. The flanking DNA region was used to clone the wild-type copy of cepR. Sequence analysis revealed the presence of cepI, a luxI homolog, located 727 bp upstream and divergently transcribed from cepR. A lux box-like sequence was identified upstream of cepI. CepR was 36% identical to Pseudomonas aeruginosa RhlR and 67% identical to SolR of Ralstonia solanacearum. CepI was 38% identical to RhlI and 64% identical to SolI. K56-R2 demonstrated a 67% increase in the production of the siderophore ornibactin, was protease negative on dialyzed brain heart infusion milk agar, and produced 45% less lipase activity in comparison to the parental strain. Complementation of a cepR mutation restored parental levels of ornibactin and protease but not lipase. An N-acylhomoserine lactone was purified from culture fluids and identified as Noctanoylhomoserine lactone. K56-I2, a cepI mutant, was created and shown not to produce N-octanoylhomoserine lactone. K56-I2 hyperproduced ornibactin and did not produce protease. These data suggest both a positive and negative role for cepIR in the regulation of extracellular virulence factor production by B. cepacia.
The phenomenon of quorum sensing is a regulatory mechanism that is involved in the control of cell density-dependent expression of many bacterial phenotypes (21, 55, 71) . Quorum sensing, or autoinduction, is the process of producing and responding to high intracellular concentrations of N-acylhomoserine lactones (N-acyl-HSLs), which bind to specific proteins that regulate the transcription of selected genes. This process was first reported to control the bioluminescence (lux) phenotype in the marine organism Vibrio fischeri (42) . In V. fischeri, the two components necessary for cell density-dependent lux expression are the LuxR and LuxI proteins (15, 16) . The LuxI protein is required for the synthesis of the autoinducer N-(3-oxohexanoyl)-L-HSL (14) . When present in sufficient amounts, the freely diffusible signaling molecule binds to LuxR, which activates the lux genes. The threshold concentration of autoinducer necessary for the induction of bioluminescence is attained when cultures achieve a sufficiently high cell density (for reviews, see references 21, 55, and 71) .
Quorum sensing has since been shown to regulate the production of virulence factors in several gram-negative species (21, 55, 71) , including the opportunistic pathogen Pseudomonas aeruginosa (47) . Quorum sensing in P. aeruginosa involves two unique systems, lasRI and rhlRI (6, 31, 45, 47) . The las system is composed of the transcriptional activator LasR and the autoinducer N-(3-oxododecanoyl)-L-HSL (22, 48) . LasR activates the expression of elastase (lasB), alkaline protease (aprA), LasA protease (lasA), exotoxin A (toxA), the type II secretion apparatus (xcpP through xcpZ) and the autoinducer synthase lasI (7, 22, 47, 60, 74) . The rhl system is composed of the RhlR transcriptional activator and the autoinducer N-butyryl-L-HSL (43, 49) . RhlR activates the expression of rhamnolipids (rhlAB), elastase (lasB), lipase (lipA), the stationaryphase sigma factor gene rpoS, and other genes (6, 28, 31, 32, 44, 45, 50) . These two systems form a hierarchical quorumsensing cascade in which LasR regulates the expression of rhlR (32, 51) . There is considerable overlap within this dual-level control system in the regulation of elastase and the alkaline protease (6, 22, 32) .
Burkholderia cepacia (previously Pseudomonas cepacia) is an important pathogen in patients with cystic fibrosis (23) . Twenty percent of cystic fibrosis patients infected with B. cepacia suffer from cepacia syndrome, a necrotizing pneumonia with fever and occasionally bacteremia (27) . This condition leads to a rapid and fatal pulmonary decline and is a unique clinical outcome in comparison to respiratory infections with other pathogens. Most cystic fibrosis patients infected with B. cepacia are coinfected with P. aeruginosa (73) . Due to the genetic conservation of quorum-sensing regulatory elements and similarities in the structure of N-acyl-HSLs, the potential for cell-to-cell communication between different species exists. McKenney et al. provided some evidence of cell-to-cell communication between B. cepacia and P. aeruginosa (36) . Culture fluids from B. cepacia demonstrated autoinducer activity in several autoinducer bioassays. B. cepacia produces several extracellular virulence factors, including protease (37) , lipase (33) , and four types of siderophores: salicylic acid, ornibactin, pyochelin, and cepabactin (40, 65, 67, 69) . The addition of concentrated culture fluids from P. aeruginosa stationary-phase cultures to B. cepacia cultures increased the production of siderophores, protease, and lipase, suggesting the presence of a quorumsensing system (36) . In the present study, we report the identification of the LuxRI homologs, CepRI, and an N-octanoyl-HSL autoinducer in B. cepacia. We also present evidence for the involvement of this quorum-sensing system in the regulation of siderophore and protease production.
MATERIALS AND METHODS
Strains, plasmids, and growth conditions. The bacterial strains and plasmids used in this study are described in Table 1 . B. cepacia K56-2 was originally isolated from the sputum of a cystic fibrosis patient. K56-2 belongs to genomovar III (76) and contains the B. cepacia epidemic strain marker and the cable pilus gene (cblA) (35, 54, 66) . This strain produces the siderophores ornibactin, salicylic acid, and negligible amounts of pyochelin and does not produce cepabactin (9) .
For genetic manipulations, Escherichia coli DH5␣ and B. cepacia K56-2 were grown at 37°C in Luria-Bertani (LB) (Life Technologies, Burlington, Ontario, Canada) or Bacto-Terrific broth or agar plates (Difco, Detroit, Mich.). The following amounts of antibiotics (per milliliter) were used when necessary: 100 g of ampicillin, 15 g of tetracycline, 25 g of kanamycin, 25 g of chloramphenicol, and 1.5 mg of trimethoprim for E. coli and 300 g of tetracycline, 100 g of streptomycin, and 100 g of trimethoprim for B. cepacia. A 100-mg/ml stock solution of trimethoprim was prepared in N,N-dimethyl-acetamide. For ornibactin production, protease, and chrome azurol S (CAS) assays, cultures were grown in succinate medium (39) at 37°C. For salicylic acid assays, cultures were grown in CAA medium (65) at 37°C. For lipase assays, cultures were grown in Anwar defined medium at 37°C (1). For ␤-galactosidase assays, cultures were grown in Trypticase soy broth medium (Difco) at 37°C. For all N-acyl-HSL bioassays and for partial purification of N-acyl-HSLs, B. cepacia cultures were grown for 24 h (stationary phase) in Trypticase soy broth adjusted to a pH of 7.0 at 30°C with shaking (200 rpm).
Tn5-OT182 mutagenesis and allelic exchange in B. cepacia. For transposon mutagenesis, Tn5-OT182 (38) was transferred into K56-2 from SM10(pOT182) by conjugation. The cultures were mixed (100 l of each), and cells were pelleted by centrifugation. The cells were resuspended in 0.1 ml of phosphate-buffered saline and spotted onto sterile 0.45 m-pore-size nitrocellulose filters on LB agar plates containing 10 mM MgSO 4 and incubated for 4 h at 37°C. The donor and recipient strains were also spotted individually as described above for controls. The filters were washed with 1 ml of sterile phosphate-buffered saline, and 100 l was plated on LB containing 300-g/ml tetracycline, 100-g/ml streptomycin, and 50 M FeCl 3 . Tetracycline-and streptomycin-resistant transconjugants were identified after incubation for 36 to 48 h at 37°C. Transconjugants were screened for siderophore hyperproduction on CAS plates (59) . Mutants that produced zones larger than that of the parent after 2 to 3 days incubation were selected for further selection.
For allelic exchange, a K56-2 insertion mutant in cepI was constructed by using the suicide vector pEX18Tc containing the counterselectable marker sacB (26) . The plasmid pSLS201-T (see Fig. 1B ) contains a 2.25-kb fragment encoding cepI that was insertionally inactivated with a tmp cassette. The tmp cassette was isolated by AccI digestion of p34E-Tp (11), blunt ended by using DNA polymerase I Klenow fragment (Life Technologies), and cloned into a blunt-ended AccI site within the cepI reading frame. The inactivated cepI region was amplified by PCR from pSLS201-T and cloned into pEX18Tc (pEXCEPI). Triparental matings were performed to transfer pEXCEPI from E. coli DH5␣ to B. cepacia K56-2 by using pRK2013 as the mobilizing plasmid. Transconjugants were plated onto Pseudomonas isolation agar (Difco) plates containing 100-g/ml trimethoprim to select for single crossover events in B. cepacia. Tp r transconjugants were streaked for isolated colonies on LB agar plates containing 100-g/ml trimethoprim and 5% sucrose to select for double crossover events and excision of the plasmid. The insertional inactivation of cepI was confirmed by Southern hybridization.
DNA manipulations. Molecular biology techniques were performed as generally described by Sambrook et al. (56) . Restriction enzymes, agarose, and molecular mass markers were purchased from Life Technologies. T4 DNA ligase was purchased from Promega Corp. (Madison, Wis.). Genomic DNA was isolated as described by Ausubel et al. (2) . DNA fragments were separated on 0.7 to 1.5% agarose gels in Tris-borate or Tris-acetate buffer and purified with GeneClean II (Bio 101). For Southern hybridization analysis, restriction endo- nuclease digests of genomic DNA were transferred to GeneScreen Plus membranes (Dupont Canada, Mississauga, Ontario, Canada) and hybridization was performed at 65°C in 15 ml of 1% sodium dodecyl sulfate-10% dextran sulfatesalmon sperm DNA (0.1 mg/ml) according to the manufacturer's recommendations. The blots were dried and subjected to autoradiography at Ϫ70°C, using Kodak X-Omat AR film. Colony hybridizations were performed as previously described (77) . Recombinant plasmids were introduced into E. coli and B. cepacia by electroporation using a Gene Pulser (Bio-Rad, Richmond, Calif.) as previously described (10) . PCR products were cloned by using the TOPO TA cloning system according to the manufacturer's recommendations (Invitrogen, Carlsbad, Calif.). For the self-cloning of flanking DNA from Tn5-OT182 mutants, approximately 5 g of genomic DNA was digested with appropriate restriction enzymes, boiled for 5 min, ethanol precipitated, and resuspended in 60 l of distilled H 2 O. Twenty l of this suspension was ligated in a 25-l reaction volume overnight at 12°C, and 2 l was used to electroporate E. coli DH5␣. For the cloning of the cepIR region, K56-2 subgenomic DNA libraries were created by cloning SphIdigested sucrose gradient fractions that reacted with probes consisting of selfcloned flanking DNA in Southern hybridization analysis into pUCP28T.
Nucleotide sequencing. Nucleotide sequencing was performed with the ABI PRISM DyeDeoxy Termination Cycle Sequencing System with AmpliTaq DNA polymerase (Perkin-Elmer Corp.) and an ABI 1371A DNA sequencer by the University Core DNA Services (University of Calgary). The oligonucleotide OT182-LT (5Ј-GATCCTGGAAAACGGGAAAG-3Ј) was used to initiate DNA sequence reactions with plasmids obtained from Tn5-OT182 mutants by selfcloning. A primer walking strategy was employed for extended sequencing of recombinant plasmids. The nucleotide sequence of both DNA strands was determined. Custom oligonucleotides were synthesized by the University of Calgary Core DNA Services or Life Technologies. Analysis of the sequence was performed with PC/Gene software (Intelligenetics, Mountain View, Calif.). The BLASTX and BLASTN programs were used to search the nonredundant sequence database for homologous sequences (34) .
Siderophore production assays. Siderophore activity was measured by CAS assays (59) . On CAS agar, siderophores remove iron from the CAS dye complex, resulting in a blue-to-orange color change in zones surrounding the colonies. The same dye complex was used to quantitate siderophore activity in culture supernatant fluid by measuring the increase in orange color at A 630 . CAS assays were performed on 100 l of supernatant fluid. The A 630 was measured and divided by the A 600 to normalize for cell density, and this ratio was reported as CAS activity.
Ornibactin production was assayed as previously described (9). Briefly, the supernatant fluid from 100-ml cultures was lyophilized, extracted with methanol, and applied to a Sephadex LH-20 column (35 by 1.5 cm; Pharmacia) with methanol as the eluting solvent. Four-milliliter fractions were collected and assayed for iron-binding activity. Fractions containing CAS activity were pooled, and the total ornibactin amounts were estimated by the CAS assay.
For salicylic acid production, 50 ml of culture fluid was adjusted to pH 2.5 and extracted with 20 ml of ethyl acetate. The ethyl acetate layer was concentrated, and salicylic acid was isolated by thin-layer chromatography on Silica Gel G as previously described (67) . All glassware for siderophore assays was washed with 2.4 M HCl and rinsed with deionized water to remove iron. All reagents were made with water purified by the Milli-Q System (Millipore, Missisauga, Ontario, Canada).
Protease and lipase assays. For protease assays, cultures were grown overnight, normalized to an optical density at 600 nm (OD 600 ) of 0.3, and spotted (3 l) onto dialyzed brain heart infusion (D-BHI) agar-1.5% D-BHI milk (68) . The plates were incubated for 2 days at 37°C and examined for clear zones surrounding the colonies.
Lipase activity was assayed as previously described by Lonon et al. (33) . Cultures were assayed for lipase activity throughout growth. The reaction mixture consisted of 0.5 ml of concentrated supernatant, 0.15 ml of 10% Tween 20, 0.1 ml of 1 M CaCl 2 , and 2.3 ml of Tris buffer (pH 7.6). After 2 h of incubation at 37°C, the increase in turbidity (OD 400 ) was measured. One unit of lipase activity is defined as an OD 400 of 0.01.
Detection of N-acyl-HSLs from B. cepacia culture fluid. N-acyl-HSLs were extracted from clarified culture fluid twice with equal volumes of acidified ethyl acetate as described elsewhere (47) (48) (49) , and four different bioassays were employed to screen for N-acyl-HSLs. Each assay was selective for molecules with different acyl side chain lengths. The V. fischeri autoinducer assay (48) , with E. coli VJS533 (pHV200I Ϫ ), shows greatest sensitivity to C 6 -acyl-HSLs, particularly N-(3-oxohexanoyl)-HSL; the P. aeruginosa las assay (48), with E. coli MG4 (pKDT17), shows greatest sensitivity to N-(3-oxododecanoyl)-HSL; and the P. aeruginosa rhl assay (51), with E. coli DH5␣ (pECP61.5), shows greatest sensitivity to N-butyryl-HSL. The fourth bioassay used Ralstonia solanacearum containing p395B (19) . This construct contains an N-acyl-HSL-dependent aidA-lacZ fusion. The R. solanacearum bioassay shows greatest sensitivity to N-octanoyl-HSL. None of the assays show absolute N-acyl-HSL specificity. They each respond to other autoinducers with greatly reduced sensitivity. For this assay, an overnight culture was grown in BG broth (19) plus tetracycline (10 g/ml) and spectinomycin (10 g/ml). The culture was diluted to an OD 600 of 0.1 in fresh BG broth, and 0.5 ml of the diluted cell suspension was incubated with culture fluid extracts at 30°C with shaking. After a 5-h incubation, ␤-galactosidase activity was measured. Synthetic N-octanoyl-HSL (14) was used to construct a standard curve. We extracted 500 ml of culture fluid, concentrated the ethyl acetate extract to 1 ml, and tested an amount of ethyl acetate extract equivalent to 5 ml of culture fluid. Based on standard curves and the amount of extract tested, we should have been able to detect any of the following compounds at a culture fluid concentration of 0.5 to 1 nM or more:
N-butyryl-HSL, N-hexanoyl-HSL, N-(3-oxohexanoyl)-HSL, N-octanoyl-HSL, N-(3-oxooctanoyl)-HSL, N-decanoyl-HSL, N-(3-oxodecanoyl)-HSL, N-dodecanoyl-HSL, and N-(3-oxododecanoyl-HSL).
Identification of B. cepacia N-acyl-HSL. The procedure for characterizing the B. cepacia N-acyl-HSL is based on those previously described for identification of the P. aeruginosa autoinducers (48, 49) . Cells were separated from the fluid of a 2-liter culture by centrifugation, and the culture fluid was extracted twice with equal volumes of acidified ethyl acetate. The extract was concentrated by rotary evaporation at 40 to 45°C and fractionated by C 18 reverse-phase high-performance liquid chromatography (HPLC). The activity, as measured by the R. solanacearum bioassay (see above), was eluted as a sharp peak at 61 to 63% methanol in a linear 20-to-100% gradient of methanol and water. Fractions constituting this peak were pooled, concentrated by rotary evaporation, and subjected to a further separation by HPLC in 48% methanol in water. The active fractions were concentrated and analyzed by gas chromatography-mass spectrometry (GC-MS) as described previously (49) .
Nucleotide sequence accession number. The nucleotide sequences of the cepIR genes have been deposited in GenBank and assigned accession no. AF019654.
RESULTS
Isolation of B. cepacia siderophore hyperproduction mutants. The objective of this study was to identify regulatory components involved in the control of siderophore production in B. cepacia. The suicide plasmid pOT182 containing the transposon Tn5-OT182 ( dependent mutagenesis experiments were screened on CAS agar for mutants altered in siderophore production. Orange zones are formed around colonies that produce siderophores on this medium due to the removal of iron from the blue CAS dye-iron complex. Mutants that produced zones larger than parental zones were selected for further characterization.
One mutant, K56-R2, which produced CAS zones approximately 50% larger than the parent (Table 2 ) is described in this study. Southern hybridization analysis was performed to confirm the presence of a unique Tn5-OT182 insertion in the chromosome (data not shown) and to map restriction endonuclease sites in the region of the chromosome flanking the Tn. Genomic DNA from K56-R2 was digested with ClaI or XhoI to produce fragments that contained the origin of replication and the Tc r determinant as well as chromosomal DNA flanking the Tn. Plasmids pSLR2-1 and pSLR2-2 were obtained from selfcloning of ClaI-and XhoI-digested DNA, respectively, from K56-R2. The OT182-LT primer is specific to the ends of the transposon and was used to perform cycle sequencing reactions on these plasmids. Approximately 300 to 400 bp of sequence was obtained per reaction and used to search the nonredundant protein sequence database by using the local alignment search tool BLASTX on the National Center for Biotechnology Information website. The sequences flanking the transposon showed sequence similarity to a number of members of the LuxR family of transcriptional regulators (21) .
Cloning of B. cepacia luxRI gene homologs cepRI. A subgenomic library consisting of K56-2 SphI fragments that were approximately 3 to 4 kb in size was constructed in E. coli. To detect the clone that contained the specific cepR fragment, a 2.0-kb XhoI-ClaI fragment derived from pSLR2-1 was used as a probe in colony hybridization analysis. Plasmids were isolated from those clones that reacted to the probe. The plasmid pSLA3.2 (Fig. 1B) contained a 3.2-kb SphI fragment that was sequenced and found to encode two complete open reading frames (ORFs), designated cepI and cepR. The cepI ORF encodes a protein with 202 amino acids and a predicted molecular weight of 22,263. CepI showed greatest homology with gene products from Ralstonia (formerly Burkholderia) and Pseudomonas spp. The putative cepI gene product has 64% identity and 70% similarity to R. solanacearum SolI (19), 38% identity and 52% similarity to P. aeruginosa RhlI (45), and 28% identity and 39% similarity to V. fischeri LuxI (12, 17, 24) . The amino acid alignment of these amino acid sequences is shown in Fig. 2A . CepI contains each of the 10 amino acids that are conserved among all LuxI family members (46) . A lux box-like sequence was identified upstream of cepI, matching the consensus lux box in 15 of 20 positions (25) . The lux box-like sequence in the cepI promoter is aligned with the proposed lux box sequences from the promoters of luxI, solI, and rhlI in Fig.  2B .
The cepR ORF is divergently transcribed from cepI with an intergenic region of 727 bp. It encodes a protein with 239 amino acids and a predicted molecular weight of 26,592. The putative cepR gene product has 67% identity and 78% similarity to SolR (19) , 36% identity and 51% similarity to RhlR (43) , and 29% identity and 45% similarity to LuxR (V. fischeri) (12, 17, 24) . The alignment of these amino acid sequences is shown in Fig. 2C . The location of the two most highly conserved regions, the DNA and autoinducer binding regions, are highlighted (61, 63) . CepR contains only six of the seven amino acids which are identical in many of the luxR homologs studied to date (Fig. 2C) (19, 21, 52) .
Characterization of a cepR mutant. K56-R2 produced 44% larger zones than K56-2 on CAS agar ( Table 2 ). The CAS activity in culture fluids was 42% greater in K56-R2 in comparison to the parent strain ( Table 2) . CAS activity was also measured in culture fluids throughout the growth of K56-2 and K56-R2 (Fig. 3) . The growth of K56-R2 was similar to that of the parent. Although K56-R2's siderophore production in log phase was similar to that of the parent, K56-R2 produced 26 to 42% more siderophore activity during stationary phase (Fig.  3) .
The CAS assay measures total siderophore activity. To determine if all siderophores were hyperproduced or if the effect was specific for individual siderophores, ornibactin and salicylic acid were individually isolated and quantitated. Ornibactin was purified by gel filtration chromatography and quantitated by CAS activity. The ornibactin yield was 67% greater in K56-R2 than in the parent strain (Table 2 ). This is greater than the difference in total CAS activity in culture fluids, possibly due to increased sensitivity in the CAS assay by purified ornibactins. The amount of salicylic acid produced in stationary phase cultures, however, was similar to that produced by the parent strain (Table 2 ). K56-2 produces barely detectable levels of pyochelin. There was no apparent increase in pyochelin production by the cepR mutant, as determined by thin-layer chromatography (data not shown), suggesting that the regulation of siderophores by cepR is specific for ornibactin.
Both the las and rhl systems are involved in the regulation of secreted proteases, and the rhl system is implicated in the control of lipase production (28) in P. aeruginosa. B. cepacia produces two extracellular proteases, a 36-kDa zinc metalloprotease similar to elastase (encoded by lasB) and a 40-kDa protease which may be a precursor form (30, 37) . K56-R2 did not produce detectable protease in the D-BHI milk agar plate assay (Table 2) . Lipolytic activity has been detected in 60% of B. cepacia strains (33) , and the lipase gene (lipA) in B. cepacia has been cloned and sequenced (29) . Lipase activity was measured in concentrated culture fluids throughout the growth of K56-2 and K56-R2 (Fig. 4) . Lipase production is growth phasedependent, with maximal activity produced in the stationary phase. The cepR mutant produced 40 to 45% less lipase activity than the parent during the period of maximal lipase production.
To determine if the wild-type copy of cepR could restore the parental phenotype to K56-R2, pSLR100 (Fig. 1B) was introduced into the mutant strain by electroporation. Siderophore activity was measured on CAS agar to determine if ornibactin yields were reduced to parental levels. K56-R2(pSLR100) pro- duced similar amounts of CAS activity to K56-2 (pUCP28T) ( Table 3) . Protease activity was also restored to parental levels in K56-R2(pSLR100) ( Table 3 ). There was no difference in lipase activity between K56-R2(pUCP28T) and K56-R2 (pSLR100), indicating that cepR was not able to complement the lipase phenotype of the cepR mutant (Table 3) . Similar results were observed when pSLA3.2, which contains both cepI and cepR, was introduced into K56-R2 (data not shown). (46) . Additional sequences shown are those of proteins abbreviated as follows: RS SOLI, R. solanacearum SolI (accession no. AF021840 [19] ); PA RHLI, P. aeruginosa RhlI (accession no. U11811 [45] ); and VF LUXI, V. fischeri LuxI (accession no. 225903 [12] ). (B) Comparison of lux box sequences in the promoter regions of LuxI homologs. The sequences shown are from luxI (V. fischeri [12] ), cepI (B. cepacia), solI (R. solanacearum [19] ), and rhlI (P. aeruginosa [31] ). The black arrows represent the inverted repeats of the palindrome sequences. Boxed, shaded regions highlight nucleotides that are identical in at least three of the sequences. (C) Amino acid alignment of various LuxR family members with B. cepacia CepR (BC CEPR) generated by using the programs PC/Gene CLUSTAL and SeqVu. Boxed, shaded regions highlight amino acids that are identical in three of the four proteins. The open bar below LuxR residues 79 to 127 represents the autoinducer binding domain (61) . The solid bar above CepR residues 190 to 217 represents the putative helix-turn-helix motif that was identified by PROSITE (3). The seven invariant amino acids of LuxR homologs are denoted with asterisks (19) . Additional sequences shown are those of proteins abbreviated as follows: RS SOLR, R. solanacearum SolR (accession no. AF021840 [19] ); PA RHLR, P. aeruginosa RhlR (accession no. L08962 [43] ); and VF LUXR, V. fischeri LuxR (accession no. 225902 [12] ). R. solanacearum bioassay, and traces of activity were detected with the V. fischeri and P. aeruginosa las assays. The R. solanacearum assay shows greatest sensitivity towards N-octanoyl-HSL. An ethyl acetate extract was then subjected to HPLC and a single peak of activity, as measured with the R. solanacearum assay, was eluted at a position identical to that at which synthetic N-octanoyl-HSL was eluted (Fig. 5A) . The amount of activity that was eluted in the single peak was equivalent to the amount of activity applied to the HPLC (recovery, 109% Ϯ 23%), and none of the fractions contained materials detected by any of the other bioassays. A GC-MS analysis showed a molecule with a retention time and a mass spectrum that made it indistinguishable from synthetic N-octanoyl-HSL (Fig. 5B) . From these data it appears that the only N-acyl-HSL we detected in cultures of B. cepacia was N-octanoyl-HSL. By comparing the response of the R. solanacearum reporter to culture fluid extracts with the reporter's responses to different amounts of synthetic N-octanoyl-HSL, we estimate that the concentration of this signal molecule in the culture was approximately 25 nM. If present, the other N-acyl-HSLs listed in Materials and Methods were at concentrations below 1 nM. For comparison, the two P. aeruginosa N-acyl-HSL autoinducers are found at concentrations 1,000-fold higher in fully grown cultures (48, 49) . Ethyl acetate extracts were prepared from K56-R2 culture fluids and examined for autoinducer activity in the R. solanacearum bioassay. There was very low autoinducer activity at approximately the limits of detection in extracts from K56-R2 culture fluids, suggesting that cepI expression requires the transcriptional regulator CepR.
Characterization of a cepI mutant. To determine if the cepI gene directs the synthesis of N-octanoyl-HSL and is involved in the regulation of ornibactin, protease, and lipase production, we constructed a cepI mutant and characterized its phenotype. The cepI gene was inactivated with a trimethoprim cassette and introduced into the chromosome by allelic exchange techniques (57) . Ethyl acetate extracts from this mutant, designated K56-I2, did not contain detectable levels of autoinducer as shown by the R. solanacearum bioassay (limit of detection, 25 pM), therefore confirming that cepI directs the synthesis of N-octanoyl-HSL.
K56-I2 produced 54% more CAS activity in supernatant fluids and 42% larger zones on CAS agar than K56-2 ( Table 4) . The ornibactin yield in culture supernatants of K56-I2 was 61% greater than that in K56-2 supernatants. CAS agar zones were also measured on CAS plates supplemented with 10 M FeCl 3 . K56-2 produced zones with radii from the edge of the colony of 1.2 Ϯ 0.3 mm, while K56-I2 and K56-R2 produced zones with radii of 4.0 Ϯ 0.1 and 4.2 Ϯ 0.3 mm, respectively, on high-iron CAS agar plates. Therefore, ornibactins are hyperproduced in high-iron medium in both cepI and cepR mutants. K56-I2 did not produce protease activity detectable by the D-BHI milk agar assay. Lipase activity, however, was not significantly less in the cepI mutant than in K56-2 (Table 4) . Mutations in cepI and cepR, therefore, result in similar phenotypes with regard to N-octanoyl-HSL, ornibactin, and protease production but not lipase activity.
To determine if the addition of exogenous autoinducer could restore protease production in K56-I2, the following assays were performed. Autoinducer extracts were prepared from K56-2 and added to sterile filter discs in amounts ranging from 12.5 to 125 pmol. The discs containing N-octanoyl-HSL were added to D-BHI skim milk agar plates inoculated with the protease-negative cepI mutant K56-I2. Protease production by K56-I2 detectable by zones around the colony was restored in this assay and was also restored when the parent K56-2 was streaked at right angles to K56-I2 in a cross-feeding assay (data not shown). However, neither supplementation with autoinducer extracts from K56-R2 nor cross-feeding experiments with this mutant restored protease activity in K56-I2. This suggests that the autoinducer N-octanoyl-HSL produced by K56-2 is required for protease production or secretion. known as quorum sensing. The spectrum of phenotypes regulated in this manner includes the production of exoenzymes in the opportunistic pathogen P. aeruginosa, the conjugal transfer of Ti plasmids in the plant pathogen Agrobacterium tumefaciens, and the production of antibiotics and degradative enzymes in the plant pathogen Erwinia carotovora (for reviews, see references 21, 55, and 71). The ability to coordinate the behavior of a population of bacterial pathogens may contribute to establishing a successful infection.
DISCUSSION
With the identification of the cepIR genes in B. cepacia, we extend the number of LuxIR homologs identified in gramnegative bacteria to date. The cepI and cepR genes are divergently transcribed and separated by an intergenic region of 727 bp. Divergent arrangements are also found in luxIR (17) , solIR (19) , ahyIR (72) , and asaIR (72) . Although the intergenic region between cepI and cepR is considerably larger than that in these other homologs, there are no ORFs with significant similarity to any known genes within this intergenic region. A noncoding region between solI and solR in R. solanacearum of 396 bp was also reported (19) . In Rhodobacter sphaeroides, an ORF in the intergenic region, designated Orf2, has been suggested to play a role in the posttranslational regulation of cerI (52) . Within the 3.2-kb SphI fragment containing cepI and cepR, the only ORF with similarity to a known gene was a partial ORF downstream of cepR that shows significant homology to a gene involved in Mg 2ϩ transport (mgtC) in Salmonella typhimurium (64) .
Four different bioassays that are sensitive to a range of Nacyl-HSLs were employed to detect autoinducer activity from K56-2 cultures. The R. solanacearum bioassay was the only system to detect significant amounts of activity. We present evidence that the activity is N-octanoyl-HSL (Fig. 5) . N-octanoyl-HSL and N-hexanoyl-HSL are the two autoinducers produced by R. solanacearum (19) . In addition to the high similarity between CepIR and SolIR of B. cepacia and R. solanacearum, these closely related species produce similar N-acyl-HSL structures. It was previously reported that cell culture fluids from B. cepacia contained at least three types of signaling molecules (36), whereas we detected a single autoinducer molecule in K56-2 and a cepI mutant did not produce detectable amounts of this autoinducer. There may be strain variation in the production of autoinducer molecules by B. cepacia, and therefore it would be interesting to examine the types of autoinducers produced by different genomovars as well as clinical and environmental isolates. In fact we have found that B. cepacia G4, an environmental isolate, produces much higher levels of Noctanoyl-HSL than does strain K56-2, and although N-octanoyl-HSL is the predominant signal produced by G4, several other N-acyl-HSLs can be detected at nanomolar concentrations in culture fluid extracts (8) .
The concentration of N-octanoyl-HSL in K56-2 culture fluids was approximately 1,000-fold lower than N-acyl-HSL molecules in P. aeruginosa culture fluids (48, 49) . McKenney et al. (36) reported that addition of concentrated culture fluids from B. cepacia stationary phase cultures prior to inoculation with B. cepacia caused a slight increase in production of siderophores, lipase, and protease during the mid-log phase of growth. Addition of concentrated P. aeruginosa culture fluids to B. cepacia cultures, however, promoted a much greater increase in the production of these exoproducts. In our study, extracts from K56-2 culture fluids were able to restore protease production by a cepI mutant. It is possible that B. cepacia produces low amounts of N-octanoyl-HSL or that the laboratory conditions we used were not optimal for production of this autoinducer molecule. Other factors or signals may be required to activate expression of the cepI gene. An example of this type of regulation is found in A. tumefaciens. The traR gene, which is involved in the transfer of the Ti plasmid, is expressed in the presence of compounds called opines, which are produced by plants within crown gall tumors. In the presence of opines traR is activated, which subsequently activates traI (20) .
The cepR mutant produces low but detectable levels of Noctanoyl-HSL. The cepI promoter region contains putative Ϫ10 and Ϫ35 sites. The presence of a 20-bp lux box-like sequence that partially overlaps the putative Ϫ35 region (Fig. 6) suggests that CepR binds to the cepI promoter to activate cepI expression. The observation that K56-R2 produces low levels of N-octanoyl-HSL in the Ralstonia bioassay is consistent with the role of CepR in cepI regulation. In several related systems the LuxI homolog is under this type of autoregulatory control. For example, in P. aeruginosa LasR and low concentrations of autoinducer activate lasI expression (60) . LuxR also activates luxI expression (15, 16) , and SolR is required for expression of solI (19) .
CepR appears to function as both a positive and a negative regulator of extracellular virulence factor production in B. cepacia. The siderophore hyperproduction phenotype in K56-R2 was specific for ornibactin, suggesting that CepR normally functions to decrease the production of ornibactin at higher cell densities. Iron availability is an important signal involved in the regulation of siderophore production. We speculate that cell density serves as a second signal involved in limiting siderophore biosynthesis under high cell densities in stationary phase, since cells are no longer growing at a logarithmic rate and therefore would require less iron. CepR may either be a repressor of ornibactin synthesis or may activate a repressor of ornibactin biosynthetic genes. Mutations in either cepI or cepR result in a protease-negative phenotype on D-BHI milk agar. The parental phenotype was restored in K56-R2 by complementation with cepR in trans and in K56-I2 by exogenous addition of ethyl acetate extracts of culture fluids, suggesting that CepR positively regulates protease production. In P. aeruginosa, both lasR and rhlR are involved in the regulation of the xcp secretion system (7) in addition to regulation of lasB transcription. This general secretory pathway mediates the transport of a variety of secreted virulence factors across the bacterial membrane (75) . It is possible that cepIR regulates the production of protease at the transcriptional level or that cepIR regulates the production of the secretion apparatus necessary for the export of protease.
Other quorum-sensing systems have also been shown to negatively regulate expression of their target genes. For example, Erwinia stewartii EsaR represses its own expression (4) and acts as a repressor of cps genes required for capsular polysaccharide synthesis (5) . It was reported that mutations in solI and solR do not affect the production of extracellular virulence determinants in R. solanacearum (19) ; however, mutations in either solR or solI result in an ϳ1.7-fold increase in the cell wall-degrading enzyme polygalacturonase. This observation suggests that the SolIR system also plays a negative regulatory role in the control of polygalacturonase production.
K56-R2 produced significantly lower lipase activity than the parent strain. In contrast to protease and siderophore activity, lipase activity was not restored to parental levels when K56-R2 was complemented in trans with a plasmid containing either cepR or cepIR. The cepI mutant also produced parental levels of lipase. These data suggest that the transposon insertion in K56-R2 has a polar effect on a downstream gene required for lipase production or that K56-R2 has acquired a random second mutation responsible for decreased lipase production. McKenney et al. reported slight increases in lipase activity from B. cepacia cultures supplemented with concentrated B. cepacia culture fluids (36) . One or more of the multiple autoinducers detected in the concentrated culture fluids may be involved in the regulation of lipase production although the results from our study indicate that the cepIR quorum-sensing system does not regulate lipase production in K56-2.
The role of quorum sensing and the control of virulence factor production in the pathogenesis of B. cepacia infections are not fully understood. Additional studies are needed to determine the target genes for CepR. We have recently cloned and sequenced pvdA, a gene involved in the biosynthesis of ornibactin in B. cepacia (66) . The promoter region of pvdA contains a possible lux box-like sequence (data not shown). It will be interesting to examine the possible transcriptional regulation of pvdA by CepR. The sequence(s) of the B. cepacia protease gene(s) has not yet been reported. The lipase gene (lipA) does not contain a lux box-like sequence similar to the consensus sequence. Further studies are needed to determine the mechanisms by which cepIR regulate production of ornibactins, protease, and possibly other factors in B. cepacia.
